Bile acids are essential for the solubilization and transport of dietary lipids and are the major products of cholesterol catabolism. Results presented here show that bile acids are physiological ligands for the farnesoid X receptor (FXR), an orphan nuclear receptor. When bound to bile acids, FXR repressed transcription of the gene encoding cholesterol 7 alpha-hydroxylase, which is the rate-limiting enzyme in bile acid synthesis, and activated the gene encoding intestinal bile acid-binding protein, which is a candidate bile acid transporter. These results demonstrate a mechanism by which bile acids transcriptionally regulate their biosynthesis and enterohepatic transport.
Comment
In May 1999 three papers were published which should change the way we think about bile acids. [1] [2] [3] For long appreciated as detergents, important for micelle formation and lipid absorption in the intestine, they should now also be regarded as members of the steroid family of hormones, aVecting transcriptional control of gene expression through a specific nuclear receptor, the farnesoid X receptor.
The primary bile acids (cholate and chenodeoxycholate) are synthesised from cholesterol in the liver with the enzyme cholesterol 7 -hydroxylase (CYP7A) being the rate-limiting step in the classic pathway. The activity of this enzyme has been known for some time to be under inhibitory feed-back control by bile acids. 4 In view of the importance of this pathway in the removal of cholesterol, the mechanisms for the positive and negative regulation of transcription of the CYP7A gene have been studied. 5 Until now, the mediator of the eVects of bile acids had not been found.
In the ileum, conjugated bile salts are reabsorbed, undergoing an enterohepatic circulation. Again this pathway is regulated by the bile salts themselves. At the cellular level, bile acid absorption involves at least two specific carrier proteins. The ileal apical membrane sodium dependent bile acid transporter (ASBT, also called IBAT), gene name SLC10A2, makes use of the Na + gradient to cotransport conjugated bile acids into the enterocyte. 6 The second carrier is the smaller (14-15 kDa) soluble protein which binds the absorbed bile acid in the cytoplasm and is now usually termed ileal bile acid binding protein (IBABP). 7 Promoter sequences in mouse, 8 rabbit and recently the human gene 9 (Barley NF et al, manuscript submitted) have been characterised.
Regulated expression of these ileal bile acid transporters occurs in rats and in human cell line model systems. IBABP expression was induced in rats by various bile salts in an ileal bypass model, in explants of ileum and in human Caco-2 cells. 10 11 Similarly, the apical membrane transporter, ASBT, was increased in rats by feeding cholic acid and reduced by bile diversion. 12 The mechanism underlying many of these actions is now apparent. Using constructs of the mouse IBABP gene transfected into monkey kidney CV1 cells, Makishima et al were able to identify a DNA sequence in the promoter which functioned as a bile acid response element (BARE). 1 This was specifically activated by the farnesoid X receptor and was dependent on the presence of bile acids to act as ligands. The response was greatest with chenodeoxycholic acid (CDCA)-cholic acid was much less eVective than CDCA and the secondary bile acids deoxycholic and lithocholic acids had variable activity. EVects were seen with conjugated bile salts in vivo only when the membrane transporter ASBT was also expressed, allowing uptake into the cell. 2 The interaction in vitro of the farnesoid X receptor with a steroid receptor coactivator was increased by bile salts-again CDCA at micromolar concentrations was the most specific. 2 3 The farnesoid X receptor binding site in the mouse IBABP promoter, namely the BARE, is an inverted hexanucleotide repeat, spaced by one nucleotide (IR-1). 1 This sequence is conserved in the rabbit and human genes (Barley NF et al, manuscript submitted). The IR-1 BARE also binds the retinoid X receptor, so is similar to other members of the steroid hormone receptor family, which includes thyroid hormone, retinoic acid, and vitamin D receptors. Ligand specificity is determined by the spacing of the repeated elements. 13 There is a large number of nuclear receptors with similar structure in this family (perhaps as many as 200) and until their ligands are known they are called orphan receptors.
14 Hitherto the farnesoid X receptor had been thought to bind certain cholesterol precursors including farnesol itself. 15 Other members of this family include hepatocyte nuclear factor 4 (HNF4), apolipoprotein regulatory protein 1 (ARP1), and chicken ovalbumin upstream promoter transcription factor 1 (COUP-TF1). Functional ligands are emerging for perioxisomal proliferator activated receptor (PPAR), which binds fatty acids, liver X receptor (LXR ), which binds oxysterols, and the pregnane X receptor (PXR), which binds several agents including rifampicin.
In this study, the promoter of the cholesterol synthesis enzyme, CYP7A, was also repressed by CDCA and, at higher concentrations, by other bile acids in the presence of the farnesoid X receptor but not other nuclear orphan receptors.
1 Thus bile acids function through this receptor at two key areas, to inhibit their synthesis from cholesterol and, in all likelihood, to promote their re-uptake in the ileum mediated by IBABP. This has wide potential for the targeting of pharmaceutical agents to alter cholesterol lev-els and will also have wide relevance for gastroenterology. As always one answer provokes more questions. Will it be possible to induce bile salt re-uptake selectively? Are any of the pathological eVects of bile salts mediated by the farnesoid X receptor? Is the colorectal cancer promoting eVect of bile mediated by the receptor? Does this have any relevance for gallstone disease? The farnesoid X receptor seems likely to be the subject of much further study. 
